14 1-Allyl-3-methylpyrrolidinium chloride exhibits higher solubility than 1-butyl-3-methylpyrrolidinium chloride due to the extended p-system in the former. 13 Besides that, solvent viscosity, dissolving temperature and time also play important roles in lignin dissolution. 15 Even though ILs have demonstrated superior lignin solubility, the major drawbacks of high cost, large viscosity (mostly) and hazardous chemical species especially fluorinated anions greatly restricted their practical applications.
Technologies for efficient lignocellulosic biomass utilization have significantly advanced over the past few decades. Tremendous research efforts were devoted to cellulose modification for structural fillers in composites, 1 heavy metal adsorption, 2 drug delivery, 3 catalytic conversion into valuable chemicals and fuels, 4 chemical degradation into small molecules, 5 etc. Lignin is the second most abundant biopolymer in nature. Due to its complex molecular structure, it remains a challenge to convert lignin into useful chemicals and therefore it is primarily burnt to recover energy in the pulp and paper industry. 6 The rich aromatic groups in lignin qualify it as a potential resource for valuable aromatic stock chemicals unless it can be depolymerized and converted to desired molecules. A recent review article 7 has seen the growing interest in lignin utilization over the past few years. To date, the greatest challenges of lignin utilization are (1) hydrophobicity: non-covalent p-p interaction hinders effective interaction and reactions between lignin and reactants; 8 (2) indigestibility: a cross-linked structure results in significant chemical resistance towards depolymerization; 9 (3) complex chemical structure. Also, the pre-treatment process has a significant effect on the chemical characteristics of lignin. 10 Due to the non-unified structures, it is difficult to develop a general approach to degrade lignin into desired aromatic compounds. 7 Moreover, none of these challenges can be addressed unless efficient solvents can be found to dissolve lignin effectively. Poor solubility of lignin in most existing solvents is a wellknown fact. Aiming to enhance the lignin solubility, various new solvents have been designed and the most effective solvents so far are the ionic liquids (ILs). ILs are defined as salts with a melting temperature less than 100 1C and are frequently liquid at room temperature. 11 The lignin solubility in ILs can be tuned by rational design of the anion/cation pairing. The lignin solubility in ILs is affected by three major factors: (1) strong hydrogenbonding anions; 12 (2) p-p interactions between aromatic imidazolium IL cations and the aromatic compounds of lignin; 13 and (3) Brønsted acidic protons. 9 For example, ILs with a sulfate anion show higher lignin solubility compared to a phosphate anion. 14 1-Allyl-3-methylpyrrolidinium chloride exhibits higher solubility than 1-butyl-3-methylpyrrolidinium chloride due to the extended p-system in the former. 13 Besides that, solvent viscosity, dissolving temperature and time also play important roles in lignin dissolution. 15 Even though ILs have demonstrated superior lignin solubility, the major drawbacks of high cost, large viscosity (mostly) and hazardous chemical species especially fluorinated anions greatly restricted their practical applications. In this work, a new solvent system has been developed by directly mixing N-methyl-2-pyrrolidone (NMP) and C1-C4 carboxylic acids (CAs) including formic acid-For, acetic acid-OAc, propionic acid-Pro, oxalic acid-Oxa, malonic acid-Mal and succinic acidSuc (mono-CAs: For, OAc and Pro; di-CAs: Oxa, Mal and Suc), refer to Fig. 1 . The physicochemical properties of these solvents are systematically investigated. The lignin dissolution property in these solvents is studied and compared with ILs and traditional solvents. Refer to ESI † S1 for experimental details and characterization.
Solid evidence from Nuclear Magnetic Resonance (NMR) characterization, that is negligible peak shifts of 0.01-0.07 ppm (2H, -N-CH 2 ), 0.01-0.06 ppm (2H, OQC-CH 2 ) and 0.01-0.07 ppm (2H, -CH 2 -) ppm in Table 1 . It is obvious that solvent density decreases with increasing carbon numbers for the mono-CAs, which is attributed to the steric hindrance posed by the larger acid groups. 17 Generally, NMP molecules with di-CAs show relatively higher density compared to the ones with mono-CAs. Apparently, every single di-CA molecule contributes two active sites (-COOH) to form H-bonds with NMP and stronger molecular interaction would be expected. The strong molecular interaction drives the compact packing of molecules and therefore larger density was observed. Polarity is one of the most important solvent properties, which is defined as the sum of all possible specific and nonspecific intermolecular interactions between the solvent and any potential solute, excluding the interactions leading to chemical transformations of the solute. 18 The Kamlet-Taft empirical parameters, a, b, and p*, were widely used to describe the polarity of solvents including ILs. 19 The a value describes the ability of a solvent to donate a proton in a solvent-to-solute H-bond, with the fixed reference point of a = 1 for methanol. 24 Looking at the molecular structure, it is not difficult to see that both proton accepting groups (-O-) and proton donating groups (-OH) widely existed in lignin. That means both donated protons and electrons from solvent may synergistically contribute to the dissolution of lignin, which has been gradually accepted in the area of cellulose solubility. 25 The lignin solubility is plotted against the b value in Fig. 2 . From the linear increasing pattern of lignin solubility with the b value of solvent, it is easy to claim the dominating influence of the b value. However, the contribution of the protonation effect (a value) on the lignin molecule by the solvent cannot be simply neglected. Table 1 . a The sample no. corresponding to the specific solvent is used in Fig. 2 and 3 . b The glass transition and devitrification peak was not observed for all samples.
c The viscosity value is taken at the shear rate of 30 s
À1
. d The temperature used to dissolve lignin. NA indicates the parameters that are not available from measurement.
In addition to the a and b values of the solvents, solvent viscosity is another important factor that greatly affects the solubility of solute. 26 In Table 1 , solvents 2 and 9 have similar b values, however, higher lignin solubility has been observed in 2 (60.0 wt%) than 9 (55.0 wt%) due to its relatively lower viscosity. Similarly, even though solvent 9 exhibits a higher b value than 3, the same lignin solubility was observed because of its higher viscosity. Evidence from solvents 4, 6, and 7 gives the same conclusion. One of the major disadvantages of using ILs in dissolution, mixing and separation processes is their intrinsic high viscosity (typically within 0.1-2 Pa s, that is 1-3 orders of magnitude higher than conventional organic solvents), which poses great challenges in achieving process efficiency. 27 The lower viscosity of these new solvents (4.5-96.0 Â 10 À3 Pa s)
provides great advantages in material processing and process efficiency. The glass transition (T g ), devitrification (T c ), melting (T m ) and degradation (T d ) temperatures of all these solvents are summarized in Table 1 . The corresponding TGA and DSC curves of these solvents are provided in ESI, † Fig. S10 and S11. The lignin solubility in these new solvents has been compared with a wide range of ILs, 12,16b,24,28 and traditional solvents, 29 Fig. 3 .
Certainly, the lignin solubility depends on many factors, such as dissolving temperature, time, stirring method and lignin source. Fig. 3 uses the reported maximum lignin solubility regardless of the dissolution conditions. For more details refer to Notes and references Table S1 .
